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ABSTRACT
Recent advances from astronomical surveys have revealed spatial, chemical, and kinematical inho-
mogeneities in the inner region of the stellar halo of the Milky Way Galaxy. In particular, large
spectroscopic surveys, combined with Gaia astrometric data, have provided powerful tools for analyz-
ing the detailed abundances and accurate kinematics for individual stars. Despite these noteworthy
efforts, however, spectroscopic samples are typically limited by the numbers of stars considered; their
analysis and interpretation are also hampered by the complex selection functions that are often em-
ployed. Here we present a powerful alternative approach – a synoptic view of the spatial, chemical,
and kinematical distributions of stars in the Milky Way based on large photometric survey databases,
enabled by a well-calibrated technique for obtaining individual stellar metal abundances from broad-
band photometry. We combine metallicities with accurate proper motions from the Gaia mission along
the Prime Meridian of the Galaxy, and find that various stellar components are clearly separated
from each other in the metallicity versus rotation-velocity space. The observed metallicity distribution
of the inner-halo stars deviates from the traditional single-peaked distribution, and exhibits complex
substructures comprising varying contributions from individual stellar populations, sometimes with
striking double peaks at low metallicities. The substructures revealed from our less-biased, compre-
hensive maps demonstrate the clear advantages of this approach, which can be built upon by future
mixed-band and broad-band photometric surveys, and used as a blueprint for identifying the stars of
greatest interest for upcoming spectroscopic studies.
Keywords: stars: abundances — Galaxy: abundances — Galaxy: disk — Galaxy: halo — Galaxy:
structure
1. INTRODUCTION
The inner region of the Milky Way’s stellar halo has
long been thought to be composed of a single stellar pop-
ulation, characterized by old ages and low metallicities
with a single abundance peak at [Fe/H] ≈ −1.6 (Ryan,
& Norris 1991), along with a small net rotational ve-
locity around the Galactic center. However, this simple
picture has been radically altered in recent years, thanks
to the combined efforts of large astronomical surveys
in both the optical and near-infrared spectral regions.
Targeted spectroscopic observations of individual stars
provide a wealth of information on their elemental abun-
dances, and radial velocities derived from such spectra
can be combined with proper motions to compute a full
space-velocity vector.
In this way, previous analyses of medium-resolution
spectra from the Sloan Digital Sky Survey (SDSS; Abol-
fathi et al. 2018) led to the suggestion that the local
stellar halo is dominated by two spatially overlapping
populations of stars, known as the inner-halo (IH) and
outer-halo (OH) components, respectively (Carollo et
al. 2007; Beers et al. 2012). In addition, accurate par-
allaxes and three-dimensional motions derived from the
Gaia mission indicated that a large fraction of the local
halo stars belong to a proposed progenitor dwarf galaxy
(called Gaia-Enceladus; GE or Gaia-Sausage) from a
single massive past accretion event in the formation his-
tory of the Milky Way (Belokurov et al. 2018; Helmi et
al. 2018). Furthermore, a large number of metal-rich
([Fe/H] > −1) stars with halo kinematics (referred to as
the Splashed Disk; SD) (Bonaca et al. 2017; Belokurov
et al. 2019; Di Matteo et al. 2019; Amarante et al. 2020),
and a group of metal-poor stars with disk-like kinemat-
ics (referred to as the Metal-Weak Thick Disk; MWTD)
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(Morrison et al. 1990; Beers et al. 2014; Carollo et al.
2019) have been discovered, adding complexity to the
traditional three-component (thin disk, thick disk; TD,
and halo) model of Galactic stellar populations (e.g.,
Ivezic´ et al. 2008).
However, confirmation of each component as distinct
entities, and exploration of their inter-relationships, are
challenging because these studies are based to a large ex-
tent on spectroscopic data, which inherit often-complex
target-selection functions. Consequently, piecewise in-
formation on individual components (often from mul-
tiple surveys with differing selection functions) must
be stitched together in order to reconstruct the multi-
dimensional structure of the Milky Way’s stellar popu-
lations.
In contrast, multi-filter photometric imaging data are
far less affected by sampling biases, and, when prop-
erly calibrated to stars of known metallicities, can be
used to obtain an unbiased view of the nature of stel-
lar populations over an enormous volume of the Galaxy,
providing significantly larger samples for detailed anal-
ysis and future spectroscopic exploration. In this paper,
we present a multi-dimensional map of stars in the in-
ner stellar halo based on large photometric survey data.
Sample selections are described in § 2. Distance and
metallicity estimations are briefly summarized in § 3.
§ 4 presents a blueprint of the Milky Way’s halo, which
clearly identifies and distinguishes previously suggested
stellar populations in the metallicity versus Galactocen-
tric rotational velocity space. Our findings are discussed
in the context of the Galaxy’s formation in § 5.
2. PHOTOMETRIC AND ASTROMETRIC DATA
The SDSS Legacy imaging survey currently provides
the most uniform, wide, and deep photometric data over
a large range of wavelengths in five broad-band filters
(ugriz). We made use of broad-band photometry in the
ugriz passbands from the 14th Data Release (DR14)
of the SDSS IV (Abolfathi et al. 2018). This version
of photometry is based on the photometric calibration
called a hyper-calibration procedure (Finkbeiner et al.
2016), which uses Pan-STARRS1 photometry in griz
(Schlafly et al. 2012) to minimize global zero-point off-
sets throughout the survey area.
The original SDSS data acquisition was performed
in a drift-scan or time-delay-and-integrate (TDI) mode,
which took multi-band images simultaneously with the
same effective exposure time of 54.1 sec. As a result,
the signal-to-noise ratio is lower in the u passband due
to lower quantum efficiency in the detector at this wave-
length, which is also where most stars emit less flux than
in the griz passbands. Since the SDSS u-band data are
not sufficiently deep to make full use of the photome-
try in griz, we have constructed a secondary data set,
supplementing SDSS griz data with deep u-band pho-
tometry from the South Galactic Cap of the u-band Sky
Survey (SCUSS; Gu et al. 2015). The SCUSS photom-
etry is at least one magnitude deeper than the SDSS u
images, and therefore can be used to obtain more precise
metallicity estimates. The filter response function of the
SCUSS u has a narrower edge on the long wavelength
side (∼ 3800 A˚) than the SDSS u, which introduces
small corrections in the magnitude conversion (Gu et al.
2015). Using accurate photometry (σ < 0.02 mag) of
point sources at high Galactic latitude (|b| > 60◦) that
are provided in both catalogs, we derived a transforma-
tion equation between the two systems:
uSDSS = uSCUSS + 0.0085− 0.0435(uSCUSS − gSDSS)
+0.0549(uSCUSS − gSDSS)2 − 0.0163(uSCUSS − gSDSS)3,
(1)
where the subscript indicates each of the photometric
systems.
Figure 1 shows survey regions in the Galactic coordi-
nate system. The SDSS images cover both the Northern
and Southern Galactic Hemispheres, while the combined
SCUSS/SDSS catalog only covers the Southern Galactic
Hemisphere. We excluded photometric measurements
along the narrow strips centered at l = 30◦ and l = 330◦,
where photometrically derived metallicities are system-
atically higher than in surrounding areas, possibly due
to a small calibration error in the SDSS imaging strips.
In all cases, we restricted our sample to the Galactic
Prime Meridian (a ±30◦ strip centered at Galactic lon-
gitudes l = 0◦ and l = 180◦), where rotational velocities
(vφ) of individual stars in the Galactocentric cylindrical
coordinate system can be obtained with proper-motion
data alone (see below), without requiring spectroscopic
radial-velocity measurements (e.g., Bond et al. 2010).
We chose a 1 arcsec search radius to cross-match pho-
tometric sources with those in the DR2 catalog of the
Gaia mission (Gaia Collaboration et al. 2018). We
imposed an upper limit on the proper-motion errors
σpi/pi < 0.3 on each direction in celestial coordinates.
We also corrected parallaxes for the global parallax zero-
point offset (0.029 mas) as suggested by the Gaia team
(Lindegren et al. 2018).
3. METHOD
3.1. Determination of Stellar Parameters
For each set of photometric catalogs (SDSS ugriz or
SDSS griz+SCUSS u), we estimated distance, metallic-
ity, and mass (or effective temperature, Teff) for each
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Figure 1. Survey regions and sample selection. Sky coverage of the SDSS imaging survey in the Northern (panel a) and
Southern Galactic Hemispheres (panel b). The median metallicity of stars at distances 1 < D(kpc) < 3 from the Sun along
each line of sight is shown by different colors, computed from a generalized (error-weighted) metallicity distribution. Stars in
the rectangular regions at l = 30◦ and l = 330◦ in panel (a) are not included in this work, due to potentially large systematic
errors in their photometry. Panel (c) shows the sky coverage from the SCUSS imaging in the Southern Galactic Hemisphere.
Metallicities are estimated from the SCUSS u-band photometry and SDSS griz data. In all panels, the concave-lens-shaped
region depicts a field orthogonal to Galactic rotation, within which we select our sample, defined as a region of width ±30◦
along the Galactic Prime Meridian, a great circle at l = 0◦ and l = 180◦.
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star by searching for the best-fitting model to the ugriz
data (An et al. 2013, 2015a; An 2019). These models
were originally built from the Yale Rotating Evolution-
ary Code (Sills et al. 2000) and semi-empirical color-Teff
relations (Lejeune et al. 1997), but showed deviations
from the observed colors of main-sequence stars in a
number of well-studied star clusters (An et al. 2008).
The differences are of the order of a few hundredths
of magnitude, which vary systematically as a function
of Teff . To remove the systematic trends with Teff ,
An et al. (2009, 2013) obtained color-Teff corrections
to the models to match the observed main sequences
of well-studied star clusters over the metallicity range
−2.4 ≤ [Fe/H] ≤ +0.4; see An et al. (2007, 2015b) for
more information on the basis of the empirical color-
Teff correction procedure. As shown below, photomet-
ric metallicities derived using the empirically calibrated
isochrones are as precise as 0.3 dex for bright stars, with
additional systematic errors of the same order, but rel-
ative metallicity estimates are more robustly predicted.
We adopted foreground extinction along each line of
sight from a dust emission map (Schlegel et al. 1998).
The SCUSS u data were transformed before applying
the extinction corrections. We limited our analysis to
stars with small foreground reddening, E(B − V ) < 0.1,
at high Galactic latitude, |b| > 20◦, to avoid poten-
tially large systematic errors in the extinction measure-
ments and/or in the extinction coefficients (Schlafly, &
Finkbeiner 2011).
We also restricted our sample to those stars having
4.5 < Mr < 7.5 mag and u < 20 mag (or u < 21
in SCUSS), along with σ[Fe/H] < 1.5 dex (note that the
typical error in photometric metallicity estimates for our
stars is considerably lower, on the order of 0.3 dex for
bright stars, and that the effect of stars with large pho-
tometric metallicity errors is mitigated by our adopted
weighting scheme, which goes as 1/σ2[Fe/H]) and χ
2 < 5
from all five passbands, where χ2 is a total chi-square
value from the best-fitting model (see An et al. 2013, for
more information).
Although photometric samples generally suffer signifi-
cantly less bias than spectroscopic samples, they are not
entirely free from it either, since any apparent magni-
tude and/or color cuts can disfavor stars of certain types
or physical properties. For example, in the context of
bias against metallicity, metal-rich main-sequence stars
are under-populated at large distances, because they are
intrinsically fainter than their metal-poor counterparts.
Lower main-sequence stars are also more difficult to in-
clude in distant halo samples, due to their low lumi-
nosities. All of these effects can lead to a metallicity
distribution skewed toward higher metallicities. In our
previous work (An et al. 2013), we avoided this sampling
bias by applying a strong selection condition based on
inferred stellar mass, in order to construct a volume-
limited sample that included distant halo stars. In this
work, however, we adopted a minimal sample selection
criterion based on Mr (to avoid bias toward more mas-
sive, metal-rich main-sequence stars) and restricted our
analysis to stars with well-measured u-band photometry,
which is essential to derive reliable photometric metal-
licities. Consequently, we do not seek to assign quantita-
tive estimates of the fractions of the various populations
that are identified, but rather simply point out their ex-
istence. Full assessment of the effects of any remaining
sample bias will be presented in a subsequent paper.
3.2. Verification of Stellar-Parameter Estimates
Panel (a) of Figure 2 shows a comparison of photomet-
ric metallicities with spectroscopic estimates from the
medium-resolution spectra in SDSS, which have been
analyzed using the SEGUE Stellar Parameter Pipeline
(SSPP; Lee et al. 2008). Overall, the agreement is sat-
isfactory, although there are systematic departures seen
in the metal-rich and the metal-poor sides from the full
photometric solutions. The offset amounts to ∼ 0.3 dex
at [Fe/H]= −2, in the sense that photometric metal-
licities are lower, and to ∼ 0.2 dex for metal-rich stars
([Fe/H]> −1). The same systematic departures are seen
in the case of photometric metallicities with Gaia priors
on distance (panel b), and in the case of using SCUSS
u-band photometry (panel c). However, we did not cor-
rect photometric metallicities to match the SSPP scale,
since the latter is also subject to calibration using high-
resolution spectroscopic analysis (Hayes et al. 2018).
Reassuringly, the comparison with high-resolution data
for metal-rich dwarfs from the GALAH survey (De Silva
et al. 2015; Buder et al. 2018) exhibits no noticeable sys-
tematic differences for metal-rich stars (panel d). Since
the SSPP sample does not uniformly cover the entire
stellar-parameter space, the systematic differences may
reflect problems in stellar models at certain surface tem-
peratures or gravities of stars.
Figure 3 shows a comparison between the photomet-
ric and Gaia distances. The latter values have been cor-
rected for the zero-point offset in Gaia (Lindegren et al.
2018). Overall, the agreement is satisfactory, and dis-
tance estimates from the full photometric solutions are
within 2% of the Gaia parallaxes over a wide range of
metallicities for nearby stars (pi > 1 mas).
3.3. Rotational Velocities
An accurate measurement of rotational velocities in
the Galactocentric cylindrical coordinate system re-
quires a full three-dimensional motion of a star, which
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Figure 2. Comparison between photometric and spectroscopic metallicity estimates. Panel (a): Comparison between pho-
tometric and spectroscopic metallicities from the medium-resolution spectra in SDSS for main-sequence dwarfs. Photometric
metallicities are based on the SDSS ugriz data. The gray scale represents a logarithmic number density of the stars; the contours
indicate 20, 60, 85, and 95 percentiles. Panel (b): Same as in panel (a), but based on photometric metallicity estimates with
Gaia priors. Panel (c): Same as in panel (a), but based on SCUSS u-band photometry in the metallicity estimation. Panel
(d): Comparison between photometric and spectroscopic metallicities from high-resolution spectra in the GALAH survey. Only
dwarfs are included in the GALAH comparison, for which the selection is limited for the metallicity comparison to [Fe/H]≥ −1.
is calculated from a heliocentric radial velocity and a
proper-motion measurement. However, most of the stars
included in this work lack radial-velocity measurements.
Therefore, we computed rotational velocities based on
distances and proper motions of individual stars along
the Prime Meridian in the Galaxy, which is perpendic-
ular to the direction of motion in the Galactic disk (see
Figure 1).
We adopted 8.34 kpc for the distance to the Galac-
tic center (Reid et al. 2014), the Sun’s velocity with
respect to the Local Standard at Rest, (U, V,W ) =
(11.1, 12.24, 7.25) km s−1, and the circular velocity of
the LSR being 238 km s−1 in the Galactocentric rest
frame (Scho¨nrich 2012). We corrected the rotational
velocity derived from proper motions, vppm, for the geo-
metric inclination effect, using vproj = vppm sec ζ, where
ζ is the angle measured from the Galactic Prime Merid-
ian and vproj is the projected rotational velocity. We
note that, within ±30 degrees of the Galactic Prime
Meridian, the difference between our inferred rotation
velocity and the actual rotation velocity is, at most,
about 1.5% at ±10 degrees from the Meridian, and
about 15% at ±30 degrees from the Meridian.
3.4. Effects of Contaminants
Our photometric metallicity estimates assume that all
stars are main-sequence dwarfs. However, the separa-
tion between dwarfs and giants is non-trivial from con-
ventional broad-band photometry alone. Unrecognized
giants appear to be more metal rich, thus distant giants
in the survey data can bias metallicity distributions in
local volumes. Fortunately, the fraction of distant giants
in a given local volume is only on the order of 10 per-
cent (Juric´ et al. 2008; An et al. 2013), although it is a
strong function of stellar color ranges and/or the sample
selection scheme. The effects are most pronounced for a
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Figure 3. Comparison between photometric distances and
Gaia parallaxes. Comparisons are shown as a function of
parallax in panel (a) and photometric metallicity with Gaia
priors in panel (b). In panel (b), only stars with large par-
allaxes (pi > 1 mas, i.e., more nearby) are included in the
comparison. The gray scale shows the logarithmic number
density of the stars; the contours indicate 1, 10, and 50 per-
centiles. The points with error bars indicate moving averages
and standard deviations. The sample includes all stars in the
SDSS Legacy Survey region with σpi/pi < 0.20.
nearby volume at |Z| < 2 kpc, due to the large number
of distant giants in the halo, but the contamination rate
is less than 5% at larger distances (|Z| > 3 kpc), if one
assumes a significantly reduced number of stars beyond
∼ 30 kpc from the Galactic center (Sesar et al. 2010).
Unresolved binaries are another potential source of
contamination in the photometric metallicity mapping.
The fraction and the exact form of the mass function for
secondary stars are not well-known for field halo stars,
which are important factors in determining the degree
of bias. If the binary fraction and the mass distribu-
tion function are similar to those in the Solar Neighbor-
hood (Duquennoy, & Mayor 1991), or in globular clus-
ters (Milone et al. 2012), most of binaries in our halo
sample cannot be distinguished from single-epoch im-
ages in SDSS or SCUSS. They appear more metal poor
than single stars by a few tenths of dex (An et al. 2013),
and appear closer due to the combined light from two
sources. The resulting effect is a blurring of the sample
distribution in the distance versus metallicity plane, al-
though the metallicity bias should be negligible for low
mass-ratio binaries. Nevertheless, our previous analysis
from artificial star tests showed that the overall metal-
licity bias is dominated by typical photometric errors,
not by the fraction of binaries in the sample (An et al.
2013).
4. RESULTS
4.1. [Fe/H] vs. vφ Distribution
Figure 4 shows the distribution of our sample in [Fe/H]
versus vφ, as a function of distance from the Galactic
plane (Z). Near the Galactic plane, disk stars show
a ‘>’-shaped distribution, which reflects negative and
positive metallicity-velocity correlations found among
thin-disk and TD stars, respectively (Lee et al. 2011;
Belokurov et al. 2019). At |Z| > 3 kpc, a clear separa-
tion between the traditional disk and halo populations
is seen, all of which verify our photometric approach as
a distance and metallicity estimator. We note that, in
all distance bins, most stars in our sample are found in
prograde rotation, in the same sense as the Sun’s motion
around the Galactic center.
However, it is noteworthy that the number-density
distributions in Figure 4 are dominated by the major
structures (disk and halo), and the presence of small
clumps of stars in the [Fe/H]-vφ space are swamped by
the large dynamic range of the number density shown
in this figure. For this reason, in Figure 5 we nor-
malized the number-density distribution along each vφ
(N/Ntot,vφ), more effectively displaying the metallicity
distribution of the stars as a function of vφ. Here, the
number count of stars in each pixel was weighted by
photometric metallicity errors (1/σ2[Fe/H]).
The normalized chemo-dynamical distribution of stars
in Figure 5 appears dramatically different from those in
Figure 4 – detailed substructures emerge, especially in
the low number-density regions with negative vφ. The
most striking substructure is a clump of stars centered
at [Fe/H] ≈ −1.4 and vφ ≈ −50 km s−1, which we assign
to GE. The GE component was originally recognized as
a major retrograde structure, but was considered to in-
clude stars in more extreme retrograde orbits. However,
our metallicity map indicates that GE is clearly sepa-
rated from an extended distribution of stars with large
retrograde motions (〈vφ〉 ≈ −200 km s−1) at very low
metallicities (〈[Fe/H]〉 ≈ −2.2), which we assign to the
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Figure 4. Distribution of the sample in a multi-dimensional parameter space. Logarithmic number distributions are shown
in a rotational velocity versus metallicity space for different slices of the vertical distance from the Galactic plane. Distances
and metallicities are obtained using SDSS photometry, and rotational velocities in the Galactocentric cylindrical coordinate
system are computed from Gaia proper motions and photometrically derived distances along the Galactic Prime Meridian. The
rotational velocities are corrected for inclination with respect to the Prime Meridian. The horizontal dashed line indicates zero
rotation in the Galactocentric rest frame. Near the Galactic plane (|Z| < 2 kpc), kinematically hot stars (those falling in the
range −100 km s−1 < vφ < 100 km s−1) have a mean metallicity of [Fe/H]∼ −1.5, which is consistent with previous studies
of metal-poor halo stars. However, the mean value shifts toward lower metallicity at large vertical distance. Panels (e) and
(g) show the same distribution of stars as in panels (d) and (f), respectively, but based on SCUSS u-band photometry rather
than SDSS u-band photometry. The improved metallicity estimates and depth of the SCUSS data result in a clear separation
between the disk and the halo stellar components, even with a factor of 3–4 fewer stars.
8 An & Beers
Figure 5. Normalized metallicity distribution as a function of rotational velocity. The same set of stars are used as in Figure 4,
but the number of stars in each pixel, weighted by photometric metallicity errors, is normalized with respect to the total number
of stars in each vφ bin, and shown in logarithmic number ratios. Only pixels with more than 50 stars in each vφ bin are displayed.
The horizontal dashed line indicates zero rotation in the Galactocentric rest frame. The dominant halo component, centered
at [Fe/H] ≈ −1.4 and vφ ≈ −50 km s−1 is observed throughout the volume, but a more metal-deficient component with an
extended distribution in the parameter space (centered at [Fe/H] ≈ −2.2 and vφ ≈ −250 km s−1 at |Z| > 3 kpc) becomes
increasingly visible at large distances. At |Z| > 4 kpc (panel e), where the contribution from disk stars is minimal, additional
clumps begin to reveal themselves: the broad component centered at [Fe/H] ≈ −1.6 and vφ ≈ +50 km s−1, and a small clump
at [Fe/H] ≈ −1.3 and vφ ≈ +150 km s−1. Panel (f) marks the positions of various stellar components in the Galaxy: Gaia-
Enceladus (GE), the inner-halo (IH), the outer-halo (OH), the canonical thick disk (TD), the metal-weak thick disk (MWTD),
and the Splashed Disk (SD). Note that the MWTD is clearly an independent structure from the TD, as suggested by several
recent spectroscopic analyses (Beers et al. 2014; Carollo et al. 2019). An approximate location of the thin disk, which is not
visible in this distance bin, is shown by a white dotted ellipse.
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Figure 6. Normalized metallicity distribution from SCUSS.
This is same as in panels (b) and (c) in Figure 5, but is based
on the SCUSS u-band photometry. Only pixels with more
than 50 stars in each vφ bin are displayed. The horizontal
dashed line indicates zero rotation in the Galactocentric rest
frame. The total number of stars included in the above plot
is about a factor of three smaller than the case obtained using
the SDSS u-band (N = 74, 670), leading to a weaker signal.
OH component (Carollo et al. 2007). Near GE, there
is a low signal-to-noise clump at [Fe/H] ≈ −1.2 and
vφ ≈ −150 km s−1. The large retrograde motions of the
stars in this clump indicate its potential connection to
several previously suggested retrograde structures, pos-
sibly related to the Sequoia Event (Koppelman et al.
2018; Myeong et al. 2019), but it is not clear whether
they are more closely related to the OH component.
At |Z| > 4 kpc, where the contribution from numer-
ous disk stars is minimal, a number of features that can
be matched to those identified in previous studies – the
IH, MWTD, and the SD – are readily visible on the
map. Among them, a clump in prograde motion cen-
tered at [Fe/H] ≈ −1.6 and vφ ≈ 50 km s−1 shows
a more extended metallicity distribution than GE; we
assigned this to a superposition of the IH and OH com-
ponents (see below).
The same result is obtained from the combined
SCUSS/SDSS catalog. Although the signal is lower due
to the smaller number of stars in the sample, SCUSS
provides more precise u-band measurements than SDSS,
and therefore can be used to obtain more precise metal-
licity estimates from photometry. Figure 6 is the same
version of a normalized metallicity distribution of stars
at 4 < |Z|(kpc) < 6 as in Figure 5. Although SCUSS
has higher precision photometry, it covers a significantly
Figure 7. Normalized metallicity distribution with Gaia
priors. The same as in Figure 5, but based on metallicity es-
timates using Gaia priors on distance. Only pixels with more
than 50 stars in each vφ bin are displayed. The horizontal
dashed line indicates zero rotation in the Galactocentric rest
frame. The sample (N = 875, 570) includes stars with good
trigonometric parallaxes (σpi/pi < 0.2).
smaller region along the Galactic Prime Meridian. As
a result, the signal-to-noise ratio in the SCUSS map is
lower. Nevertheless, the major Galactic components –
GE, the IH component (in combination with the OH
component), the canonical TD, and the MWTD – can
be identified from Figure 10, although the outer-halo
component is significantly weaker.
For nearby stars, we combined the adopted photome-
try with an individual stas’s parallax from the Gaia mis-
sion (σpi/pi < 0.2) for improved precision in the derived
metallicity. This approach provides at least a factor of
two improved precision in the metallicity estimation (see
Figure 2). However, good parallaxes from Gaia are lim-
ited to nearby stars, and a cross-match with our photo-
metric samples results in a maximum vertical distance
of |Z| ≈ 3 kpc for its application. Figure 7 shows a nor-
malized metallicity distribution of stars, based on Gaia
priors on individual stellar distances. Because the vol-
ume is limited by numerous disk stars, most of the halo
substructures, except GE, are not visible in this plot.
4.2. [Fe/H] vs. |Z| Distribution
The vertical structure of the metallicity distribution is
shown in Figure 8, in four different slices of vφ, in order
to better isolate each of the major components. In the
most retrograde bin, the halo is dominated by metal-
poor OH stars at larger distances above the Galactic
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Figure 8. Normalized metallicity distribution as a function of vertical distance from the Galactic plane. The number of
stars in each pixel, weighted by photometric metallicity errors, is normalized with respect to the total number of stars in each
distance bin, and displayed in a logarithmic number ratio in four different velocity bins. Only pixels with more than 30 stars
in each vφ bin are displayed. The range of the rotational velocity is chosen to isolate the individual stellar components from
4 < |Z| (kpc)< 6 in Figure 5. The vertical dotted lines (at [Fe/H] = −0.6, −1.4, and −2.2) are overlaid to guide the eye.
plane. More metal-rich GE debris occupies the volume
near the Sun at |Z| < 3 kpc, among those with ret-
rograde motions. For stars with mild retrograde mo-
tions, there appears a bottleneck in the metallicity dis-
tribution at |Z| ≈ 4 kpc, probably marking a transi-
tion zone from the flattened GE debris to more spa-
tially extended structures – a combination of the IH and
OH components. At |Z| > 4 kpc, a smooth transition
occurs from low-metallicity (〈[Fe/H]〉 ≈ −2.2) stars at
vφ < −100 km s−1 to a more extended metallicity distri-
bution (−2.2 < [Fe/H] < −1.4) with prograde motion.
The majority of these stars constitute either the IH or
OH components.
4.3. Systematic Change in the Metallicity Distribution
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Figure 9. Substructures in the metallicity distribution. Panels are arranged as a function of rotational velocity (from the
left to the right panels) and vertical distance from the Galactic plane (from the bottom to the top panels) along the Galactic
Prime Meridian. The number of stars in each metallicity bin is weighted by their metallicity errors. The observed distribution
is well-fit by four different normal distributions, each representing one or more of the major components of the Galaxy: the OH
(yellow shaded), the IH and/or GE (blue shaded), the TD, MWTD, and/or the SD (green shaded), and the thin disk and/or TD
(red shaded). The gray histogram is the sum of all of the data; the red solid line represents the sum of the fit components. The
most metal-rich component (red shaded) may have additional contributions from distant giants in the halo. Decomposition of
the observed distribution is only intended to show approximate mean locations and extensions of the various stellar populations.
The vertical dotted lines (at [Fe/H] = −0.6, −1.4, and −2.2) are overlaid to guide the eye.
In Figures 4 and 8, halo stars are under-represented
near the Galactic plane, since they are simply swamped
by the significantly more numerous disk stars. A more
quantitative evaluation of each component’s contribu-
tion is given in Figure 9, which displays the metallic-
ity distribution for stars in slices of vφ and |Z|. At
|Z| > 3 kpc, stars with retrograde rotation exhibit a
metallicity distribution with characteristic double peaks
at [Fe/H] ≈ −2.2 and ≈ −1.4, reflecting approximately
equal contributions from the OH component and a mix-
ture of the GE and IH stars. The duality of the halo was
originally inferred from a gradual shift in the metallic-
ity distribution as a function of rotational velocity and
vertical distance in a local kinematic analysis (Carollo
et al. 2007), and confirmed by in-situ evidence for a ra-
dial metallicity gradient based on models of Hess dia-
12 An & Beers
grams derived from SEGUE photometry (de Jong et al.
2010), and by numerous analyses since. Although dou-
ble peaks in the metallicity distribution of metal-poor
halo stars were hinted at in recent spectroscopic anal-
yses (e.g., Ferna´ndez-Alvar et al. 2017; Conroy et al.
2019), the discrete peaks and their systematic variations
in Figure 9 are a direct proof of the presence of multi-
ple stellar populations in the halo. Photometric errors
and unresolved binaries are unlikely to bias metallicity
estimates, since stars in the same volume, but with pro-
grade rotation, do not exhibit multiple peaks in their
metallicity distributions.
In general, a normal distribution is not adequate to
describe the observed metallicity distribution in [Fe/H],
because even the simplest stellar population in a closed-
box system is expected to show a low-metallicity tail
(see Ryan, & Norris 1991). The tail may even appear
more pronounced due to larger photometric errors at
low metallicity (An et al. 2013). Nevertheless, it is use-
ful to decompose the observed distribution using a set
of normal distributions to evaluate the varying (approx-
imate) contributions of the individual components (e.g.,
Ivezic´ et al. 2008). In Figure 9, shaded curves are the
best-fit set of normal distributions in each distance and
velocity bin. We employed four different components in
the fit, which are the minimum number required to cap-
ture the observed distributions in all panels. We kept
the same color scheme for each component to track its
slowly varying contribution and centroid, but each fit-
ted component does not necessarily match each of the
above-mentioned stellar populations.
At 100 km s−1 < vφ < 200 km s−1, the MWTD
emerges, with significantly weaker fractions than the
halo components, which are fit by two normal distribu-
tions. Similarly, the SD population is not readily distin-
guishable from the classical TD population because of
their similar metallicities. If one follows its fitted distri-
bution, however, it can be seen that it extends far above
the Galactic plane and to retrograde motions, properties
that are consistent with those obtained from previous
spectroscopic work (Belokurov et al. 2019). GE and
the IH component, although they are shown as separate
entities in Figures 5 and 8, are also fit using the same
colored normal distribution due to their mild metallicity
difference.
According to the above fitting exercise, about two
thirds of metal-poor stars at 1 < |Z| < 2 kpc belong to
GE, if one restricts the sample to vφ < 100 km s
−1, but
the fraction decreases to about 40% at 2 < |Z| < 3 kpc.
At large vertical distances (4 < |Z| < 6 kpc), the ratio
of the IH and OH components is near unity, in agree-
ment with our previous work based on a more-restricted
sample (An et al. 2013).
Metallicity distributions from photometric estimates
with SCUSS photometry, or those with Gaia priors on
distance, also support the discrete nature of the indi-
vidual stellar populations. As shown in Figure 10, the
metallicity distributions of stars in retrograde motions
from SCUSS clearly support two metal-poor compo-
nents. Stars with good Gaia parallaxes are limited to
a local volume (|Z| < 3 kpc). Nevertheless, the ob-
served metallicity distributions with Gaia parallaxes in
Figure 11 show a characteristic kink at [Fe/H] ≈ −2, in-
dicating a trace contribution of the OH component near
the Galactic plane.
5. DISCUSSION
Our chemo-rotational mapping helps to visually iden-
tify and delineate the extension of each of the stellar
components to an unprecedented level of completeness.
Earlier studies on the duality of the smooth halo (Car-
ollo et al. 2007, 2010; Beers et al. 2012) may have in-
cluded a large fraction of the GE (unknown at that time)
stars in their IH sample, because of their similar metal-
licities and rotational velocities, leading to a system-
atically higher mean metallicity and a smaller net rota-
tional velocity. If the IH and GE are separate entities, as
our map supports, the actual spatial distribution of IH
stars may be less centrally concentrated, and less oblate
than previously envisaged. Spectroscopic studies also
indicated that metal-poor halo stars on low-eccentricity
orbits exhibit high α-element abundances with respect
to iron (Nissen, & Schuster 2010; Hayes et al. 2018;
Mackereth et al. 2019), while stars in GE on strongly
radial orbits show lower α-element abundances (Helmi
et al. 2018). This suggests a more active star-forming
environment for stars associated with the IH compo-
nent, possibly having formed in massive gas clumps in
the central region of the proto-Galaxy, and subsequently
displaced to their current higher-energy orbits by scat-
tering processes (Zolotov et al. 2009; Garrison-Kimmel
et al. 2018). The chemical enrichment of the IH com-
ponent (which should now be referred to specifically as
an in-situ halo, in contrast to the accreted components)
may have influenced the formation of the metal-weak
and/or the classical thick disks.
On the other hand, the low metallicity of the OH com-
ponent, along with its low α-element abundances (Mat-
suno et al. 2019) indicates that it may have originated
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Figure 10. Metallicity distributions from SCUSS u-band data. This is same as in Figure 9, but the distributions are derived
from distance and metallicity estimates using the SCUSS u-band photometry. The observed distribution is well-fit by four
different normal distributions, each representing one or more of the major components of the Galaxy: the OH (yellow shaded),
the IH and/or GE (blue shaded), the TD, MWTD, and/or the SD (green shaded), and the thin disk and/or TD (red shaded).
The gray histogram is the sum of all of the data; the red solid line represents the sum of the fit components. The vertical dashed
lines (at [Fe/H] = −0.6, −1.4, and −2.2) are overlaid to guide the eye.
from the accretion of low-mass dwarf galaxies,1 which
have been merged into the proto-Galaxy in accordance
with theoretical predictions of galaxy formation (Bul-
lock, & Johnston 2005; Tissera et al. 2013). Ongoing
and future photometric surveys such as Pan-STARRS
(Chambers et al. 2016), SkyMapper (Wolf et al. 2018),
J-PLUS (Cenarro et al. 2019), S-PLUS (Mendes de
Oliveira et al. 2019), and LSST (Ivezic´ et al. 2019), as
well as larger and more accurate astrometric catalogs,
are promising assets to explore a larger and finer param-
eter space of stellar populations in the Galactic halo.
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